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Objectives: This study aimed to explore the surface stress at the proximal ends of the ulna and radius at different
elbow flexion angles using the resistance strain method.
Methods: Eight fresh adult cadaveric elbows were tested. The forearms were fixed in a neutral position. Axial load
increment experiments were conducted at four different elbow flexion angles (0°, 15°, 30°, and 45°). Surface stain
was measured at six sites (tip, middle, and base of the coronoid process; back ulnar notch; olecranon; and anterolateral
margin of the radial head).
Results: With the exception of the ulnar olecranon, the load-stress curves at each measurement site showed an
approximately linear relationship under the four working conditions studied. At a vertical load of 500 N, the
greatest stress occurred at the middle of the coronoid process when the elbow flexion angles were 0° and
15°. When the flexion angles were 30° and 45°, the greatest stress occurred at the base of the coronoid process.
The stress on the radial head was higher than those at the measurement sites of the proximal end of the ulna.
Conclusion: The resistance strain method for measuring elbow joint surface stress benefits biomechanics research on
the elbow joint. Elbow joint surface stress distributions vary according to different elbow flexion angles.
Keywords: Elbow joint, Strain, Biomechanics, Resistance strain methodIntroduction
The elbow joint belongs to a composite joint composed
of the humeroulnar joint, humeroradial joint, and prox-
imal radioulnar joint encapsulated by a joint capsule
[1-3]. The proximal ends of the ulna (coronoid process
and ulnar notch) and radius (radial head) are important
proximal constituents of the elbow joint. Complex elbow
fracture dislocations, such as fracture dislocation of the
olecranon, posterior monteggia fracture dislocation, and
terrible triad injury of the elbow, are caused by various
injuries, most of which involve the proximal bone archi-
tectures of the ulna and radius as well as the soft tissue
[4-7]. The different injury types are generally correlated
with the flexion and extension positions of the elbow as* Correspondence: fengyuancn@yeah.net
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unless otherwise stated.well as the rotational position of the forearm when the in-
jury was incurred [8-10]. Therefore, understanding the
pathomechanisms of elbow injury is essential in the diagno-
sis and treatment of complex elbow fracture dislocations.
The resistance strain measurement technique has attracted
increased attention from scholars as a precise strain meas-
urement method in the field of biomechanics. As such, this
technique has been extensively applied in experimental
stress analysis in recent years [11-13].
It is well known that the stresses differ when the elbow
is fully extended or locked versus when it is flexed at dif-
ferent angles. However, no experimental measurement
has yet quantitatively analyzed the bone surface stress of
the elbow. In particular, no study has explored the vari-
ation trends of the surface stress at different degrees of
flexion. Understanding the change in trends of stress
with flexion angles may help clinicians comprehend the. This is an Open Access article distributed under the terms of the Creative
ommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
iginal work is properly credited. The Creative Commons Public Domain
g/publicdomain/zero/1.0/) applies to the data made available in this article,
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and develop appropriate surgical procedures and proper
postoperative rehabilitation strategies. In this study, the
surface load stress distributions of the ulna and radius
were measured at different elbow flexion angles under a
vertical load using the resistance strain measurement
technique. The correlation between elbow flexion angles
and injury types was also explored.
Materials and methods
Subjects
Eight fresh cadaveric upper limb specimens were sup-
plied by the Department of Anatomy and Neurobiology
of Tongji University, China. This study was conducted
in accordance with the declaration of Helsinki and per-
formed with the approval from the Ethics Committee of
Tongji Hospital of Tongji University, School of Medi-
cine. Written informed consent was obtained from all
donated families. The subjects (five men, three women)
were 57 to 79 years old (mean, 67.75 ± 6.82) and had
never incurred upper limb lesions, such as malforma-
tions, trauma, or bone diseases. The specimens were
stored at −20°C for 1 to 21 days (mean, 8). The speci-
mens were defrosted at room temperature approximately
16 h prior to the experiment. The specimen was cut
from the distal part of the humerus (proximal end)
15 cm above the elbow joint to the antebrachiocarpal
joint (distal end), and the distal radioulnar joint liga-
ments were retained. The skin, fascia, and muscles were
removed, while the capsule and ligaments around the
elbow joint were kept intact.
Specimen preparation and measurement point
determination
The distal and proximal ends of the specimens were pre-
wrapped using polymer plaster and self-curing denture baseFigure 1 Special elbow joint specimen fixators (A and B). When the fo
humerus is kept in a vertical position, the fixator angle is equal to the flexioacrylic resin powder. The distal ends of the ulna and radius
bones were placed in a neutral position and fixed at varying
angles (0°, 15°, 30°, and 45°) on a metal frame (Figure 1). Six
bone measurement points were marked: tip (within one
third of its length), middle (half of its length), and base (two
thirds of its length) of the coronoid process; back ulnar
notch; olecranon; and anterolateral margin of the radial
head (Figure 2). The distance between points C and P in
the figure denotes the height of the coronoid process.
A 5-mm transverse incision was made on the necessary
joint capsule to expose the coronoid process tip of the
ulna and the anterolateral margin of the radial head.
The coronoid process tip and anterolateral margin of
the radial head were exposed, and the longitudinal in-
tegrity of the anterior and lateral joint capsule was
retained. The anterolateral margin of the radial head
was exposed above the annular ligament of the radius,
and the integrity of the proximal radioulnar joint was
retained. The six measurement points were degreased
with acetone and dehydrated with alcohol. After dry-
ing, the bone surface was polished using fine sand-
paper. A straight line was vertically marked on the
surface along the axial walking direction of the tra-
becular bone with a thin needle that was used as the
strain gauge attachment positioning mark.
Strain gauge welding, pasting, and connecting
The guidewires and connecting leads of the miniature foil
resistance strain gauges (BE-120-1AA-W (16); sensitive gate
size, 1.0 mm× 2.0 mm; electric resistance, 120.3 ± 0.1 Ω;
and sensitivity coefficient, 2.01 ± 0.01; ZEMIC, Beijing,
China) were welded to the connection terminals. A thin
layer of ethyl cyanoacrylate instant adhesive (502 glue) was
applied on the marked sites of the bone surface as well as
the required surfaces of the strain gauges and the connec-
tion terminals. After ensuring firm adhesion, a multimeterrearm in a neutral position is fixed vertically in the fixator and the
n of the elbow joint at 0°, 15°, 30°, and 45°.
Figure 2 The elbow measurement sites. (A and B) Schematic diagrams of the pasting sites of the resistance strain gauges. The distance
between points C and P represents the height of the coronoid process. (C and D) The front and dorsal views of elbow specimens and the
connection positions of resistance strain gauges, respectively. 1 = the ulna coronoid process tip (located at the ulna coronoid height 1/3,
near the tip), 2 = the middle of the coronoid process (the 1/2 height site), 3 = base part of the coronoid process (the 2/3 site of the height,
near the base), 4 = the back of ulnar notch, 5 = the olecranon tip, 6 = the anterolateral margin of the radial head.
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guidewires. Six strain gauges were used for each specimen.
The strain gauges were adhered to the corresponding bone
sites according to their serial numbers and then connected
to a static strain tester (DH type 3818; DongHua Test,
Taizhou, China) through a 1/4 bridge (multichannel shar-
ing compensating gauge). The parameters of sensitivity
coefficient, guidewire electric resistance, and strainmeter
electric resistance were used as inputs. The digital strain-
meters were pre-adjusted (calibration, zero basing, meas-
urement, and attenuation) to ensure a stable resistance
strain and avoid null shifts. The attenuation block was set
to 10, and the sensitivity coefficients of the tester and re-
sistance gauges were maintained to ensure the consistency
of the resistance values of all test pieces.
Mechanic loading
A wedge-shaped specimen frisket was fixed on the sub-
strate of the laboratory table. The distal ends of thespecimen were fixed vertically in the socket of the fixa-
tor at different degrees, and the proximal ends of the hu-
merus were fixed vertically with the ground to ensure
the relative fixation of the flexion angle, the angle be-
tween the inclined plane of the frisket and the horizontal
plane. Vertical hydraulic loading was performed on the
specimens at a rate of 10 mm/min using an electric uni-
versal test machine (CSS-44010; KeXin Testing Machine
Co., Ltd., Beijing, China; Figure 3). Pre-loading of 100 N
was performed before each experiment. The load levels
were divided at 100-N intervals to 500 N. Each experi-
ment was repeated three times, and the mean values
were used in the analyses.
Data processing
The microstrain at each measurement site was recorded
to calculate the mean and standard deviation under each
working condition. The stress was calculated according
to the complex stress state theory in the field of
Figure 3 Experimental facility location (A) and mechanic experiment scene (B).
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viewed as homogenous, continuous, and isotropic linear
elastomeric materials. The correlation between stress
and strain was calculated based on Hooke's law, that is,
σ = E · ε, where E is the constant of elastic modulus, σ is
the stress value, and ε is the strain value measured in
the experiment. According to the literature, the elastic
modulus of bone architecture is 7.3 GPa [14]. Thus, the
stress value at each measurement point was obtained on
the basis of this formula. The positive and negative signs
prior to the strain value represent the compression and
elongation of the strain gauge, which correspond to the
compressive or tensile stress at this measurement point,
respectively.
Statistical analysis
Data were analyzed using SPSS 16.0 software. The load-
stress correlations preliminarily showed variance homogen-
eity. Linear regression analysis was performed. One-way
analysis of variance (ANOVA) was used to examine the dif-
ferences in the strains at the different measurement sitesFigure 4 Load-strain curves of different elbow measurement sites un
process; (B) middle of coronoid process; (C) base of coronoid process; (D)and flexion angles. Differences among the groups under
different working conditions were also examined with one-
way ANOVA. Independent samples t tests were used to
compare the groups. Differences of P < 0.05 were consid-
ered statistically significant.
Results
Microstrain of the elbow at different flexion angles
No frisket slippage, specimen fractures, or elbow joint
dislocations occurred during the experiment. The elec-
tric measurements under different working conditions
showed that under a vertical load alone, the strain values
at the measurement sites of the coronoid process and
radial head were negative, suggesting compressive stress.
In contrast, the strain values at the measurement sites of
the back ulnar notch and olecranon were positive, sug-
gesting tensile stress.
The strain values at all measurement points under
the different working conditions increased as the verti-
cal load increased (P < 0.05). However, no correlation
was observed at the olecranon measurement site whender different conditions of elbow flexion. (A) Tip of the coronoid
the back of ulnar notch; (E) the olecranon; (F) the radial head.












0° −134.38 ± 19.93 −161.38 ± 19.76 −147.25 ± 21.01 46.75 ± 9.50 30.38 ± 12.21 −272.13 ± 17.52
15° −173.38 ± 21.46 −242.25 ± 26.54 −196.75 ± 34.94 101.63 ± 17.80 97.13 ± 17.32 −313.38 ± 19.98
30° −230.75 ± 29.52 −286.50 ± 32.82 −319.50 ± 34.88 198.63 ± 21.89 104.13 ± 13.89 −313.00 ± 19.93
45° −63.25 ± 11.97 −118.25 ± 17.59 −340.38 ± 32.16 259.38 ± 81.49 136.63 ± 27.09 −343.75 ± 19.17
P <0.05* <0.05* >0.05 <0.05* >0.05 >0.05
*P < 0.05 indicates a statistically significant difference.
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indicates approximately linear relationships (Figure 4A,
B,C,D,E,F).
Strain and stress of the elbow joint under vertical loads
For convenience, a vertical load of 500 N was used when
the microstrain values at different measurement points
were compared (Table 1). The stress value at each measure-
ment point was calculated using Hooke's law (Figure 5).
The results of the statistical analysis showed that the strain
at each measurement point displayed specific variation
trends depending on the flexion angle of the elbow joint.
Variations caused by varying flexion angles in the stress at
the tip and middle of the coronoid process at a vertical load
of 500 N showed identical trends as follows: stress at 30° >
stress at 15° > stress at 0° > stress at 45°. At the same flexion
angle, the stress at the middle of the coronoid process was
significantly greater than that at the tip (P < 0.05). At the
base of the coronoid process, high stress values occurred
when the flexion angles were 45° and 30° (P = 0.19),
followed by 15° and 0° (P < 0.05).
At the back measurement site of ulnar notch, the
flexion angles of the elbow joint can be arranged from
the highest to the lowest stress values as follows: 45° >
30° > 15° > 0°; all variations showed significant differencesFigure 5 Stress values (in MPa) of the bone measurement sites
at different elbow flexion angles. The vertical load is 500 N.(P < 0.05). Variations in stress at the olecranon measure-
ment point were also compared at the different working
conditions of 15°, 30°, and 45°. The stress value at 45°
was noticeably greater than those at 15° and 30° (P < 0.05),
while no significant difference was observed between the
two latter working conditions (P = 0.496).
At a vertical load of 500 N, the stress values at the meas-
urement site of the radial head were high. The maximum
and minimum values appeared at 45° and 0°, respectively,
and showed a significant difference (P < 0.05). However, no
significant difference was observed between the values at
15° and 30° (P = 0.97).
Discussion
In this study, the load-strain curves of all the measure-
ment sites of the proximal ends of the ulna and radius
showed approximately linear relationships with the ex-
ception of the olecranon measurement point at 0°
flexion. When the elbow is fully extended, the stress
under the vertical load is mainly distributed on the front
of the humeroulnar joint. As the elbow flexion angle in-
creases, the stress distribution of the humeroulnar joint
becomes gradually concentrated on the rear of the olec-
ranon. Moreover, bones are elastomeric materials. When
the load on the joint exceeds the ultimate limit, fractures
can occur. Wake et al. [9] carried out a biomechanical
study of the mechanisms of elbow fracture dislocation
caused by vertical compressive violence and found that
injury type had a definite correlation with elbow flexion
degree. When the elbow was at 60° or 90° flexion, an
olecranon fracture and anterior elbow dislocation might
occur. When the elbow flexion angle is between 30° and
15°, a coronoid process fracture or posterior elbow disloca-
tion might happen. Additionally, the coronoid process
fragment size was associated with the degree of elbow ex-
tension, that is, a larger extension angle indicates smaller
fragments.
The results of the present study show that the stress
on the proximal ulna is focused on the middle of the
coronoid process height when the elbow is at 0° or 15°
flexion under a vertical load and focused on the base of
the coronoid process when the elbow is at 30° or 45°
flexion. This finding suggests that when the elbow
flexion is 0° to 15°, injury may cause middle coronoid
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II fractures. At flexion of 30° to 45°, injury may cause
Regan-Morrey type III fractures [15]. As the elbow
flexion increases, the stress concentration gradually de-
creases. These findings are consistent with the report by
Doornberg et al. [16] on complex elbow fractures such as
monteggia fractures and olecranon fracture dislocation,
both of which are manifested by olecranon fractures com-
plicated by large coronoid process fragments.
The special stress concentration positions at different
flexion angles under a vertical load suggest that coronoid
process fragment size may be correlated with elbow
flexion degree. In this study, no stress was concentrated
on the tip of the coronoid process under the elbow
flexion angles of 0°, 15°, 30°, and 45°. However, coronoid
process tip fractures account for a large proportion of
cases in clinical practice, and most are accompanied by
posterior elbow dislocation. Anatomical studies found
that coronoid process tip fractures were not subject to
avulsion fracture [17,18]. Most coronoid process tip
fractures presumably occur with full elbow extension
and posterior elbow dislocation. During full extension,
the stress enables the coronoid process tip to contact
and collide with the humerus trochlea, resulting in
fractures.
The current experiment revealed that the surface
stress of the measured radial head point is higher than
that of the proximal ulna when the elbow flexion angle
was 0° to 45°, suggesting that the anterolateral margin of
the radial head endures greater axial stress than the
proximal ulna. Since the elbow joint has a certain valgus
angle (carrying angle), 60 % of the vertical load is con-
centrated on the humeroradial joint [2,3]. This finding is
consistent with the observation in clinical practice that
coronoid process fractures alone are rare among severe
elbow joint injuries, which are most frequently com-
bined with radial head fractures [19].
This study provides novel insights into the mecha-
nisms underlying the different types of complex elbow
fracture dislocations using the resistance strain method;
however, it has many limitations. First, only eight cadav-
eric elbow specimens were used, all of which were from
elderly patients (57 to 79 years old), while peri-joint soft
tissue injuries (e.g., collateral ligaments, joint capsule,
extensor and flexor tendon attachments, and triceps at-
tachments of the olecranon) were not explored despite
the fact that they cause elbow instability after bone
structure reconstruction [5,7,20,21]. Second, this study
adopted the load increment method, which cannot ac-
curately reflect the actual injury; that is, the static load
loading biomechanical study cannot stimulate the dy-
namic changes that occur during a fall. Third, the fore-
arms were placed in a neutral position, whereas prone
or supine forearm rotation may occur during injury.Fourth, considering that the elbow has a certain carrying
angle, violence can either be induced by vertical, lateral,
rotational, or combined loads. Finally, the study analyzed
the surface stress of the bone structure using the resist-
ance strain gauge measurement method, which has high
sensitivity and accuracy but can measure only bone sur-
face stress. As such, the pressure distribution inside the
joints remains to be studied, and the damage process re-
quires further investigations.
Conclusion
The joint surface stress can be measured using resistance
strain gauges. The measurement results provide novel in-
sights into biomechanics research on the elbow joint. The
surface stresses of the proximal ulna and radius bone distri-
butions vary among different elbow flexion angles under a
vertical load. Further studies determining factors that im-
prove outcome are warranted.
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